Strange kinetic phase in the extremely early folding process of β-lactoglobulin  by Kamatari, Yuji O. et al.
FEBS Letters 581 (2007) 4463–4467Strange kinetic phase in the extremely early folding process
of b-lactoglobulin
Yuji O. Kamataria, Hironori K. Nakamuraa, Kazuo Kuwataa,b,*
a Division of Prion Research, Center for Emerging Infectious Diseases, Gifu University, Gifu 501-1194, Japan
b Department of Gene and Development, Graduate School of Medicine, Gifu University, Gifu 501-1194, Japan
Received 12 July 2007; revised 10 August 2007; accepted 10 August 2007
Available online 21 August 2007
Edited by Peter BrzezinskiAbstract A continuous-wave probed laser-induced temperature
jump system was constructed and applied to monitor the changes
in tryptophan ﬂuorescence of the b-lactoglobulin during its fold-
ing; the kinetic phases were traced from 300 ns to 10 ms after a
temperature jump. Notably, an early phase with typical
squeezed-exponential characteristics, [exp{(kt)b}, b > 1.0],
was observed around several tens of microseconds after the tem-
perature jump, which is actually the earliest phase ever observed
for b-lactoglobulin. This process can be explained by conforma-
tional shift occurring within the unfolded ensemble (Uﬁ U 0),
which is followed by the non-native intermediate (I) formation
of this protein.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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One of the major problems of biochemistry is the mechanism
of protein folding, during which an unstructured chain of ami-
no acid residues navigates itself to ﬁnd the most stable three-
dimensional structure among countless possible pathways.
Resolving the early folding phase has been one of the main
objectives of folding studies. In this study, we constructed a
convenient temperature jump apparatus, continuous-wave
probed temperature jump (cT-jump) system [1,2], that can
monitor the folding process of proteins on a time-scale of sub-
micro- to milliseconds, and in detecting the kinetic phase in the
extremely early folding process of b-lactoglobulin [3,4] which
undergoes unfolding and refolding between 4 C and 35 C
in 4.5 M urea at ambient pressure [5]. Using the cT-jump, we
have observed the extremely early kinetic phase with novel
squeezed-exponential characteristics [exp{(kt)b}, b > 1.0; t,
time], which was predicted by simulation studies using both
lattice and oﬀ-lattice models [6–8], but has rarely been ob-
served during the protein folding reaction.Abbreviations: cT-jump, continuous-wave probed laser-induced tem-
perature jump; CD, circular dichroism; NATA, N-acetyltryptophan-
amide; CF, continuous-ﬂow; PGK, phosphoglycerate kinase
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2.1. cT-jump system
The conﬁguration of the cT-jump system is illustrated in Fig. 1A.
The aqueous solvent is rapidly heated (up to 1.5 · 109 K/s) by the
infrared Raman pulse with a 10 ns duration. Typical kinetic traces
around 1 ls and 10 ms are shown in Fig. 1B and C, respectively. Using
this apparatus, the kinetic phases can be traced from 300 ns to 10 ms
after a temperature jump with a time resolution of 5 ns. Details are
described in Supplementary text.3. Results
There are much data on cold denaturation [5], millisecond
[9] and submillisecond folding dynamics [3], as well as solution
structure [10] for b-lactoglobulin at pH 2.0. Cold denaturation
of b-lactoglobulin typically occurs below 30 C. Ellipticity at
217 nm (h217) of the circular dichroism (CD) signal of b-lacto-
globulin in the presence of 4.5 M urea at pH 2.0 is plotted as a
function of temperature in Fig. 2A. Cold denaturation causes
changes in the shape of the ﬂuorescence spectrum with a red-
shift of the peak position by about 10 nm, as shown in
Fig. 2B. It must be noted that ﬂuorescence intensity becomes
smaller in the native state than in the cold denatured state
[3], and the increase of ﬂuorescence intensity implies the accu-
mulation of the intermediate population.
Using cT-jump, we were able to monitor the response of b-
lactoglobulin on a submicrosecond time-scale. The ﬂuorescent
response of b-lactoglobulin on the submicrosecond time-scale
remains silent (data not shown), indicating that any conforma-
tional modulation on this time-scale after the temperature
jump never aﬀects the local environment around Trp19 or
Trp61 in b-lactoglobulin.
The top four traces in Fig. 3A show the ﬁrst ﬂuorescent tran-
sients arising from the refolding reaction of b-lactoglobulin in
the presence of 4.5 M urea at pH 2.0 initially equilibrated at
the desired temperatures. In b-lactoglobulin, the step-wise in-
crease in ﬂuorescence intensity was observed at around 20 ls
after the temperature jump, and was analyzed by non-linear
curve ﬁts using the double exponential decay function,
f ðtÞ ¼ f0 þ f1 expðk1tÞ þ f2 expðk2tÞ; ð1Þ
and the extended-exponential decay function,
f ðtÞ ¼ f0 þ f1 expfðk1tÞbg: ð2Þ
In Fig. 3A, simulated curves using the double exponential
decay (dashed line) and the extended-exponential decay (solid
line) are superimposed on the experimental data. Intriguingly,
we found that these particular phases in b-lactoglobulin wereblished by Elsevier B.V. All rights reserved.
AB
Fig. 2. (A) Cold denaturation of b-lactoglobulin in the presence of
4.5 M urea monitored by h217 as a function of temperature. (B)
Fluorescence spectra of b-lactoglobulin in the presence of 4.5 M urea
at 15 C (_), 35 C (. . .), and 50 C (- - -).
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Fig. 1. Overview of the optical arrangement of the laser-induced temperature jump system (A), including Nd: YAG Laser, Raman shifter, Xenon
lamp, photomultiplier (PMT), oscilloscope, and computer. Typical kinetics traces of NATA on the micro-second (B) and millisecond (C) time-scales.
NATA solutions were prepared in 4.5 M urea and 100 mM HCl/KCl buﬀer at pH 2.0. The sample holder was thermostated at 20 C.
4464 Y.O. Kamatari et al. / FEBS Letters 581 (2007) 4463–4467best ﬁtted by the squeezed-exponential function (extended-
exponential function with b > 1.0), while double exponential
decay could not ﬁt them particularly the step-wise responses
with a signiﬁcant lag time period. The temperature dependence
of the parameters obtained by the non-linear curve ﬁtting
using the squeezed-exponential function is summarized in
Table 1.
We measured the temperature jump kinetics of b-lactoglob-
ulin at pH 2.0 at various urea concentrations. With an increase
in the urea concentration, the apparent lag period of the step-
wise response was prolonged, as shown in Fig. 3B. The ﬁtted
parameters using the squeezed-exponential function are plot-
ted as a function of urea concentration in Fig. 3C–E. A plot
of the static ﬂuorescence intensity, f0 vs. urea concentration
exhibited an apparent two-state transition with the midpoint
of 4.0 M (Fig. 3C). The amplitude of the squeezed exponen-
tial phase (f1) was quite small in low concentration of urea and
increased as the fraction of the denatured state increased
(Fig. 3B). This phase is persistent even in 8.0 M urea as shown
in Fig. 3B. Although the rate constant of the squeezed-expo-
nential phase, k1, was high in low urea concentrations (1.0–
2.0 M) (Fig. 3D), it gradually decreased upon increase of urea
concentration (3.0–8.0 M). On the other hand, the scaling fac-
tor, b, only decreased slightly with increases of urea concentra-
tion (Fig. 3E).
The b-lactoglobulin has already been reported to be mono-
meric under the utilized conditions [11], and we conﬁrmed that
the observed rate constants and the scaling factors of the
squeezed-exponential decay were independent of the protein
concentration, but the amplitudes were a linear function of
the protein concentration (data not shown). Therefore, the
process of dimerization, oligomerization, or further aggrega-
tion, such as amyloid formation, is not involved in the ob-
served kinetic phase.
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Fig. 3. Microsecond folding kinetics of b-lactoglobulin. Solutions of
b-lactoglobulin (40 lM) were prepared in 100 mM KCl buﬀer at pH
2.0. Solutions were ﬁltered through a 0.2 lm-pore ﬁlter before use.
Tryptophan ﬂuorescence was excited at 295 nm, and the emission was
detected above 320 nm. (A) Microsecond kinetics measured by cT-
jump at 5, 10, 20, and 30 C plotted on a logarithmic time-scale. The
solid line represents the ﬁt using the squeezed-exponential function
(Eq. (2)), and the dotted line represents the ﬁt using the double
exponential function (Eq. (1)). (B) Urea concentration dependence of
the microsecond folding. Microsecond kinetics measured by cT-Jump
at urea concentrations of 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 8.0 M
plotted on a logarithmic time-scale. The solid lines represent the ﬁts
using the squeezed-exponential function (Eq. (2)). (C) Urea concen-
tration dependence of the equilibrium ﬂuorescence intensity f0 in Eq.
(2). (D) Urea concentration dependence of the rate constant k1 in Eq.
(2). (E) Urea concentration dependence of the scaling factor, b, in Eq.
(2). (F) Millisecond folding kinetics of b-lactoglobulin at 10 C. Solid
line represents the simulated curve using a single exponential function
(see text). Solutions of b-lactoglobulin (40 lM) were prepared in 4.5 M
urea and 100 mM KCl buﬀer at pH 2.0.
Table 1
Kinetic parameters for the extremely early folding process of b-
lactoglobulin with 4.5 M urea at pH 2.0
Temperature k1 (·106) b
BLG 5 C 0.033 ± 0.009 5.3 ± 1.1
BLG 10 C 0.030 ± 0.005 7.6 ± 1.4
BLG 20 C 0.031 ± 0.006 6.4 ± 1.2
BLG 30 C 0.028 ± 0.005 5.7 ± 0.8
NATA 20 C – –
Y.O. Kamatari et al. / FEBS Letters 581 (2007) 4463–4467 4465We measured the rate of system’s temperature recovery
using N-acetyltryptophanamide (NATA) (Fig. 1C), which
was 0.138 ± 0.003 (·103 s1) at 10 C. Fig. 3F shows the re-
sponse of b-lactoglobulin on the millisecond time-scale; the
apparent rate was calculated to be 1.04 ± 0.03 (·103 s1) with
correction for temperature recovery. The solid line in Fig. 3F
represents the simulated curve corrected for temperature
recovery.4. Discussion
Extensive studies on the folding of b-lactoglobulin have
shown rapid formation of a non-native a-helical intermediate
(I) in the submilli- to millisecond time range [3,4,9]. However,
the continuous-ﬂow (CF) experiments demonstrated that a sig-
niﬁcant fraction of the expected total ﬂuorescence change
occurs during the approximately 100 ls-dead time of the appa-
ratus. The folding process before I formation has been neither
directly observed for b-lactoglobulin, nor discussed whether
the earliest phase represents a barrier-separated formation of
a speciﬁcally organized structural intermediate [12] or a bar-
rier-free diﬀusion-controlled change of the chain conformation
[13–15].
We observed the folding kinetics of b-lactoglobulin using the
cT-jump method. The kinetic proﬁle was traced from 300 ns to
10 ms after a temperature jump. In the kinetic proﬁle, we
found a novel kinetic phase at around 20 ls after the temper-
ature jump, which is the earliest phase ever observed for b-lac-
toglobulin. Hagen et al. [16] estimated the time required for the
diﬀusion-controlled contact formation between two diﬀerent
regions of polypeptide chain separated by approximately 10
and 50 residues to be approximately 3 and 40 ls, respectively.
The kinetic phase observed at 20–30 ls in the folding of b-lac-
toglobulin appeared in an equivalent time scale and may be the
diﬀusion-controlled conformational change prior to the I for-
mation.
Kinetic curves on the microsecond time-scale were ﬁtted by
the squeezed-exponential function much better than the double
exponential function (Fig. 3A). In previous studies by Nakam-
ura et al. using a lattice and an oﬀ-lattice protein model [6–8],
the existence of squeezed-exponential kinetics for protein
folding was predicted. To understand the characteristics of
squeezed-exponential kinetics more quantitatively, we analyzed
a sequential model with the following reaction rate equation:
S0 !k S1!k   !k Si1 !k Si !k   !k Sn1!k Sn ð3Þ
The fraction of Sn ([Sn](t)) is analytically solved as shown in
Supplementary text. [Sn](t) for n = 1,2,3,10, and 100 are plot-
ted in Fig. 4A and ﬁtted by the following equation:
½SnðtÞ ¼ 1 exp½ðk0tÞb ð4Þ
bs obtained by the ﬁtting are plotted in Fig. 4B. For n = 1, the
best-ﬁtted b was 1; for n > 1, the best-ﬁtted bs were >1. This
suggests that squeezed-exponential kinetics can be observed
when the reaction has multiple states on one pathway, such
as Eq. (3).
Interestingly, the squeezed exponential phase was observed
even at more than 6 M urea concentration, where the protein
is denatured at any temperature [11], and this phase almost dis-
appeared without denaturant, as shown in Fig. 3B suggesting
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Fig. 4. (A) The fraction of Sn ([Sn]) calculated from a simple kinetic model that exhibits squeezed-exponential change. Dots show the numerically
obtained [Sn](t) for n = 1,2,3,10,100, from left to right calculated using the explicit solution, Eq. (8) in Supplementary text. The curves show the best-
ﬁts using the squeezed-exponential functions. (B) Plot of the ﬁtted parameter b as a function of n. The line represents the best ﬁt using a power
function: b = na (a = 0.53). (C) Schematic diagram of a non-glassy folding phase of b-lactoglobulin (Uﬁ U 0) triggered by the temperature jump, and
the subsequent folding process with exponential decay to the non-native intermediate (I) and then to the native state (N) [3]. (D) A uniﬁed view of the
folding surface of b-lactoglobulin. F, Q, and H indicate the free energy, ratio of the native contacts, and helical content, respectively. In b-
lactoglobulin, the non-native intermediate (I) state has a higher helical content than the native conformation (N).
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scaling factor, b, on the microsecond time-scale was also not
sensitive to the concentration of the denaturant (Fig. 3E). This
also suggests that the conformational shift occurs within the
unfolded ensemble.
The information on b-lactoglobulin fast folding studies
using CF[3], stopped-ﬂow [17], and this cT-jump method could
be integrated into illustrations shown in Fig. 4C and D. Ini-
tially, the molecules are populated mainly at the cold dena-
tured state U (Fig. 4C). Then, the temperature of the sample
is raised by a 10 ns-IR Raman pulse. Since the alteration of
the amplitude and/or frequency of the vibrational modes of
the solvent and the protein is completed within picoseconds
[18], the free energy surface of the protein may change instan-
taneously (Fig. 4C). Given the new free energy surface, the
population would transiently accumulate at the relatively high
free energy level, where most molecules are unstable. Then, the
conformational change would occur along the slope, as in the
Type 0A scenario proposed by Bryngelson et al. [19], and may
be represented by the sequential reaction scheme of Eq. (3).
Thus, the population is initially accumulated at U, and succes-
sively goes down to the U 0 conformation. It is known that
there is residual structure due to hydrophobic interaction even
under strongly denaturing conditions [20–22]. The kinetic
phase observed in this study may represent rearrangement of
such residual structure in the unfolded ensemble. The confor-
mational shift (Uﬁ U 0) is followed by the non-native interme-
diate (I) and native (N) formation (Fig. 4C and D). In contrast
to the barrier-free diﬀusion-controlled conformational shift(Uﬁ U 0), the I and N formation shows exponential kinetic
proﬁles because of the well-known barrier-separated confor-
mational transition (Fig. 3F and Refs. [3,5]).
In the last decade, non-exponential folding kinetics was ob-
served during refolding of proteins, including yeast phospho-
glycerate kinase (PGK) [23]. In the refolding of cold
denatured PGK, the fast phase (Uﬁ I) was well ﬁtted by a
stretched exponential function. In view of a downhill folding,
this process can be explained by the rough energy surface
which results in the heterogenous kinetics, i.e. the stretched
exponential kinetics. In contrast, the early folding phase of
b-lactoglobulin reported in this paper was adequately ﬁtted
by the squeezed exponential function. This process can be ex-
plained by the smooth energy surface which results in the
homogenous kinetics, i.e. the squeezed exponential kinetics.
The homogenous kinetics of downhill folding can be repre-
sented by a sequential pathway formalism shown in Eq. (3).
The diﬀerence of the kinetics between PGK and b-lactoglobu-
lin can be explained by the diﬀerent degree of ruggedness of en-
ergy landscape. Thus measurements of non-exponential
kinetics of protein folding should help to understand the
nature of intermediates and the ruggedness of the energy
landscape.
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